Abstract. In this paper, we study the combined sensitivity of T2K-II and NOvA, the world leading long-baseline neutrino oscillation experiments, to CP violation in lepton sector. By operating until the year 2026, T2K-II is expected to collect a total exposure of 20 × 10 21 protons-on-target. Meanwhile, NOνA experiment has a plan to extend its run up to 2024 for accumulating totally an amount of 72 × 10 20 protons-on-target. By combining analyses of T2K-II and NOνA with an ultimate constraint on θ 13 from reactor, the sensitivity to CP violation is expected to exceed 4σ C.L. It is also pointed out that by reducing the systematic uncertainties of both T2K-II and NOνA to a level of 2%, the sensitivity to CP violation will significantly increase with a discovery possibility at 5σ C.L. significance for a particular range of true δ CP .
I. INTRODUCTION
The idea of neutrino oscillation, in which one type of neutrino can change into another, was raised for the first time by B. Pontecorvo in 1957 as neutrino-antineutrino transition [1] . It can explain the solar neutrino anomaly [2, 3] and the atmospheric neutrino anomaly [4] . The neutrino flavor oscillation was introduced later in 1962 by Z. Maki, M. Nakagawa and S. Sakata [5] . The neutrino oscillation phenomenon was observed by Super-Kamiokande experiment [6] , c 2018 Vietnam Academy of Science and Technology SNO experiment [7] and later conclusively confirmed by number of neutrino experiments with different detection techniques at different energy ranges and different baselines. Discovery of neutrino oscillation which indicates that neutrinos have mass and mixing among states, matters a lot since this is the only experimental evidence for the incompleteness of the Standard Model of fundamental particles.
Except for some anomalies, the up-to-date (anti-)neutrino data from various experiments can be well described by a 3× 3 unitary mixing matrix, so-called PMNS matrix. This unitary matrix, as discussed more details in the next section, are parameterized by three mixing angles (θ 12 , θ 13 and θ 23 ) and one single Dirac phase δ CP 1 which represents CP violation in the lepton sector. The three mixing angles are determined to be non-zero [8] and this allows neutrino experiments to make measurement on the CP violation in the lepton sector, which is one of the most central objective at present and in near future of neutrino physics. Besides these four parameters, the oscillation probabilities depend on the mass-squared differences among the mass eigenstates, neutrino energy and distance travelled. At the current landscape of neutrino oscillation physics, two scales of mass-squared differences are determined. However their mass ordering is still unknown and also one of the most important questions need to be addressed in the future.
T2K and NOvA are two among the world leading neutrino experiments in searching the CP violation in the lepton sector. The combined sensitivity of these two experiments was performed and showed that this sensitivity can be up to 2σ or higher if the true value δ CP is about −π/2 [9] . We are revising this analysis with three main updates including (i) possible T2K run extension up to 2026, so-called T2K-II and NOvA run extension up to 2024, (ii) improvement in selection performance and systematic uncertainties in both experiments and (iii) the ultimate precision on mixing angle θ 13 can be achieved by the reactor measurements. The first twos are crucial since the measurement is dominated by the statistical errors. The third one is needed to break down the δ CP − θ 13 degeneracy with accelerator-based long baseline experiments.These combined critical factors enhance capability to search CP violation to unprecedented level of sensitivity.
The paper is organised as follows: In section II, the PMNS formalism of neutrino oscillation is introduced with an intense focus on how CP violation can be measured. T2K(-II) and NOvA experiments are overviewed and their inputs for this analysis are presented in section III. The outcomes of combined sensitivity between the T2K-II and NOvA experiments with constraint from reactor are presented in section V.
II. NEUTRINO OSCILLATION FRAMEWORK
In three-flavor neutrino oscillation framework, the flavor definitive eigenstates are related to the mass definitive eigenstates by a 3 × 3 unitary PMNS matrix as shown in Eq. (1),
1 If neutrinos are Majorana particles, there are two phases added into the PMNS matrix. However the oscillation amplitudes are not sensitive to these two phases.
The PMNS matrix can be parameterized by three mixing angles (θ 12 , θ 13 , θ 23 ) and a single Dirac phase δ CP , expressed in Eq. (2) . 
where s i j = sin θ i j , c i j = cos θ i j , {i, j} = {1, 2, 3} and the Dirac phase δ CP represents the CP violation in lepton sector 2 . The probability for a α-flavour neutrino with energy E to change to β -flavour after travelling a distance of L can be calculated as follows
where
, {i, j} = {1, 2, 3}, i > j. For antineutrinos, the oscillation probability can be obtained by replacing the mixing matrix elements with their complex conjugates. The CP violating phase δ CP manifests itself in the difference between neutrino and antineutrino oscillations, as shown in Eq. (4).
= ± 2δ αβ cos θ 13 sin 2θ 12 sin 2θ 23 sin 2θ 13 
in which {α, β } = {e, µ, τ}, the positive (negative) sign is applied based on (anti-)cyclic permutation of ordered flavor (e, µ, τ). Apparently CP violation can be measured via the neutrino oscillation phenomenon if only three mixing angles are non-zero. The up-to-date neutrino data [8] shows that Nature supports this scenario and it opens the door to search CP violation in the lepton sector with neutrino oscillation measurements. This CP violation source might be a promising explanation for the matter-antimatter asymmetry in the Universe. In practice, CP violation can be measured by comparing the rate of electron neutrinos appeared from muon neutrinos, P(ν µ → ν e ), with the one of electron antineutrinos appeared from muon anti-neutrinos, P(ν µ → ν e ) in the accelerator-based experiments or comparing the first with electron antineutrino disappearance in the reactor-based experiments. 3 2 If neutrinos are Majorana particles, the mixing matrix includes two additional phases which do not appear in the expression of oscillation probabilities. 3 Accelerator-based measurements lead to an intrinsic δ CP − θ 13 degeneracy while reactor-based measurements can precisely measure θ 13 . Their combined information thus can provide constraint on δ CP .
The oscillation probability from muon neutrinos to electron neutrinos can be written to the first order approximation of matter effect [10] as follows 
, n e is electron density of the matter and ρ is density of the Earth. The appearance of a in Eq. (5) is due to the matter effect which is rooted from the fact that electron neutrino passing through ordinary matter will interact weakly with electrons. For anti-neutrino counterpart, P(ν µ → ν e ) can be obtained from the Eq. (5) by replacing δ CP → −δ CP and a → −a. In the Eq. (5), the first term dominates with current longbaseline neutrino experiments and is about 0.043 at the maximum of sin 2 ∆ 31 . The matter effect represented by constant a involves to the second and third terms. While the term proportional to sin δ CP is called CP-violating since its contribution to total probability is opposite for neutrino and antineutrino. The fifth which contains cos δ CP is called CP-conserving term since its contribution is the same for neutrino and antineutrino. The last one depends on sin 2 ∆ 21 and can be ignored in the case of long baseline experiments. At present landscape of neutrino oscillation, these channels are the only hope to provide information about δ CP . However challenges for these channel measurements are the smallness of oscillation amplitudes and their degeneracies with other oscillation parameters.
Along with the appearance channels, the accelerator-based long-baseline neutrino experiments typically can measure precisely the probabilities of ν µ → ν µ and ν µ → ν µ , which can be expressed as [10] : 31 , where positive (negative) signs are taken for neutrino (antineutrino) oscillations, respectively. Due to relative smallness of θ 13 , the first term is dominated in the accelerator-based long-baseline neutrino experiments. The measurement with this channel is essentially sensitive to mixing angle θ 23 and ∆m 2 31 . In practice, neutrino oscillation analyses take advance of combining both appearance channel and disappearance channel in order to provide the most precise measurements of oscillation parameters and explore CP violation from constraint on δ CP . Fig. 1 (a) and Fig. 1 (b) show the oscillation probabilities of of δ CP for T2K baseline L = 295 km (with peak of neutrino flux at 0.6 GeV) and NOνA baseline L = 810 km (with peak of neutrino flux at 2 GeV), respectively. These two leading acceleratorbased long-baseline neutrino experiments will be discussed in detail in Section III. In the figures, the difference between solid and dashed blue lines indicates the matter effect, and the difference between solid and dashed red lines shows the combined effect of both matter and CP violation. In the case of T2K experiment, the matter effect is much smaller than the CP violation effect. For NOνA the matter effect is larger due to its longer baseline. Fig. 2 (a) and Fig. 2 (b) illustrate the asymmetry of transition probabilities between neutrino mode and anti-neutrino mode, A CP shown in Eq. (4), in addition with the effect of matter as a function of energy for T2K and NOvA baselines, respectively. The plots are made with assumed values of oscillation parameters as listed in Table 1 : 
III. T2K(-II) AND NOνA EXPERIMENTS
At present, T2K and NOvA are two leading accelerator-based long baseline neutrino experiments in the world. We briefly describe these two experiments and inputs we use to study their combined sensitivity on CP violation search.
T2K (Tokai-to-Kamioka) [12] is an accelerator-based long-baseline neutrino oscillation experiment placed in Japan with three main complexes: (i) the J-PARC accelerator, (ii) the near detector suite placed at 280 m from the neutrino production target, and (iii) the far detector, SuperKamiokande, situated at 295 km away from the target. One of the most intense proton beam in the world, the J-PARC is used to produce a nearly pure ( ) ν µ source. The near detector suite is designed to characterize the unoscillated neutrino beam while the far detector is used to observe the oscillation patterns. The primary goal of T2K is to observe oscillation from muon neutrinos to electron neutrinos, which has been achieved in 2013 [13] . With relatively large value of mixing angle θ 13 , the physics potential of T2K is revisited and CP violation search is placed as the central target. For the latest results [14] , based on a total exposure of 2.23 × 10 21 POT which consists of 1.47 × 10 21 POT in ν-mode and 0.76 × 10 21 POT in ν-mode, T2K firstly reports that CP conserving values (0 and π) of δ CP are out of the 2σ C.L. range of its measurement for both normal and inverted mass hierarchies. By the year 2021 with a fully approved exposure of 7.8 × 10 21 POT, T2K will have sensitivity to the CP-violating phase δ CP at 90% C.L. or higher over a significant range [9] . To intensively explore CP violation, T2K-II which is an extension of T2K operation up to 2026 is proposed to accumulate 20 × 10 21 POT [15] . This amount of data in combination with expected improvement in the neutrino beamline and neutrino oscillation analysis allows T2K to have 3σ or higher significant sensitivity to CP violation. Also the oscillation parameters θ 23 and ∆m 2 31 can be measured at unprecedented levels.
In this paper, we use GLoBES software package [16] to study the physics potential of longbaseline neutrino experiments. For the inputs of T2K configuration in GLoBES, we follow closely the information in the paper [15] . The neutrino fluxes for both neutrino-mode and antineutrinomode operations are updated with the latest fluxes released by T2K collaboration. The efficiencies for detecting ν e and ν e signals are set to be 66.3% and 69.7% respectively while the efficiencies for detecting ν µ and ν µ signals are 72.6% and 80.2%, respectively. The event rates for T2K far detector reconstructed from GLoBES with our T2K-II setup for the cases of true δ CP = 0, −π/2, +π/2 are shown in the In addition, systematic uncertainties of all T2K-II signal samples are anticipated to go down to 4% compared with 5.5% − 6.8% of current level. This can be achieved by reducing errors from neutrino fluxes, neutrino interaction models and detector model uncertainties.
NOvA (NuMI Off-axis ν e Appearance) experiment [17] is an accelerator-based long-baseline neutrino experiment placed in United State. NOvA uses the intense and nearly pure ( ) ν µ beam from NuMI (Neutrino at Main Injector), Fermilab and studies oscillations with two functionally identical detectors: near detector (0.3 kton) situated underground at Fermilab, Illinois and far detector (14 kton) installed on the surface in Ash River, Minesota, 810 km away from the neutrino production target. The detectors, are placed at an offset angle of 14 mrad from the average neutrino beam line in order to achieve a narrow neutrino spectrum with peak at 2 GeV and suppress the neutral current π 0 background. This configuration is optimized for observing ν e signal. With 810 km baseline, the matter effect can change ν µ → ν e appearance rate up to ±30%. In 2017, with an equivalent exposure of 6.05 × 10 20 POT, 33 ν e candidate was observed, clearly excess from 8.2 ± 0.8 background expected from MC. One of the major improvement in NOvA oscillation analysis is adopting machine learning algorithm, so-called Convolutional Visual Network [18] for the event-by-event classification of ν e and ν e . The gain from this new selection is equivalent to 30% effectively statistic increase. For the NOvA inputs, 61.0% and 71.5% signal efficiencies are used for selecting ν e and ν e appearance samples, respectively. For the disappearance channels, the signal efficiencies for ν µ and ν µ samples are 32.0% and 38.0%, respectively. These numbers are based on the papers [19] and [20] . With an proposed operation up to the year 2024, NOvA is expected to accumulate a total exposure of 72 × 10 20 POT including 36 × 10 20 in ν− mode operation and same amount for theν−mode operation. The event rates for complete statistics of NOvA are shown in the Table 4 . In the NOvA analysis, the background from cosmic ray in the considering signal samples is significant due to the fact that the far detector is on the Earth surface. Since it is not easy to implement the cosmic ray flux in GloBES, this background is manually added into the ν µ beam neutral-current (NC) channel. The systematic uncertainty by the end of NOνA operation is assumed to be 5% in GLoBES as it is provided. 
IV. CONSTRAINT ON MIXING ANGLE θ 13 FROM REACTOR-BASED EXPERIMENTS
Essentially the measured CP phase with accelerator-based long-baseline neutrino experiments has a strong correlation with the mixing angle θ 13 rooted from their relations in P(
ν e ) presented in the Eq. (5). To break this correlation and consequently increase the sensitivity in measuring the CP phase, constraint on θ 13 measured via the ν e disappearance probability with the reactor-based experiments is used. The expression for this probability is shown in Eq. (7): Apparently there is no term of δ CP in P(ν e → ν e ) expression. At present, the precision on sin 2 2θ 13 is 6% [21] with best fit sin 2 2θ 13 = 0.085 [11] . Daya Bay reactor experiment has recently showed that they can achieve 3% precision on sin 2 2θ 13 by the year 2020 [22] . In this study we examine the δ CP sensitivity with both two scenarios on the precision of θ 13 by simply adjusting the statistics of reactor experiment in GloBES to achieve the defined precision. Fig. 3 shows the precision of θ 13 for both scenarios we set up. 
V. SENSITIVITY TO CP VIOLATION
At present landscape, the value of δ CP is known with marginal significant. Thus we explore the sensitivity of T2K-II and NOvA experiments on full range of this parameter. At each given value of δ CP , the minimal ∆χ 2 to exclude δ CP = 0 and δ CP = ±180 • are calculated. These values are then plotted as a function of true δ CP in the meaning to exclude sin δ CP = 0. For all calculations shown below, we assume that the neutrino mass hierarchy would be known by the end of T2K-II and NOvA operations and to be normal. In the future we will explore for the case in which the neutrino mass hierarchy is unknown. Fig. 4(a) shows that T2K-II and NOvA respectively can achieve 3σ C.L. and 2σ C.L. to exclude CP-conserving values with current precision of mixing angle θ 13 from reactor-based experiments, that agree with their expectations in [15] and [20] . Also the figure shows that the sensitivity to CP violation is increased when the ultimate constraint on θ 13 from reactor-based experiments is taken into account. Particularly, when θ 13 uncertainty reduces from 6% to 3%, fractional region in which the CP conserving values (0 and ±π) can be excluded at 3σ C.L. increases from 39.9% to 42.0% for T2K-II experiment. For NOvA, the 2σ C.L.-excluded factional region increases from 40.8% to 41.4% when the uncertainty of θ 13 is reduced. When the T2K-II and NOvA signal samples are combined and if the true value of δ CP is close to −π/2 as indicated by T2K result, the hypothesis of CP conservation in the lepton sector can be excluded at more than 4σ with an fractional δ CP region up to 32.4% as shown in Fig. 4(b) .
[degree] At the present, the sensitivity of CP violation in both T2K and NOvA experiments are limited predominantly by the statistics. However around 2024 to 2026 where we expect that these two experiments collect their full statistics, impact of systematics on the CP violation measurement should be considered seriously. In the above result, 4% and 5% uncertainties are assumed for the signal samples for T2K-II and NOvA respectively. We also check the scenario in which the uncertainties can be reduced to 2% level. The result is shown in Fig. 5 . Evidently improving the systematics raises significantly the level of sensitivity to CP violation. We can make discovery of CP violation at 5σ C.L. with fractional regions of 31.2%, 10.4% and 0% for 0.43, 0.5 and 0.6 of mixing angle sin 2 θ 23 , respectively.
[degree] 
VI. CONCLUSIONS
In this paper, we have studied the sensitivity to CP violation by combining the experiments T2K-II, which is proposed to run up to 2026, and NOνA, which can run up to 2024, with constraint from reactor-based experiments. With this combination, the CP conservation in lepton sector can be excluded at 4σ C.L. significance if the true value of δ CP is around −π/2 as indicated by recent T2K measurement. The study also shows that precision measurement of mixing angle θ 13 from the reactor-based experiments and improvements in the systematic uncertainties of measurement are crucial for the search of CP violation in the lepton sector. The CP violation can be discovered at 5σ C.L. significance for a particular range of its value if θ 13 precision reaches to 3% and the systematic uncertainty reduces to 2%.
In the near future, we will consider an improvement of this study for more realistic description of both T2K-II and NOvA experiments by including efficiency as function of energy, smearing matrixes between true neutrino energy and reconstructed neutrino energy from experiments. Also adding measurements from atmospheric neutrino experiments such as Super-Kamiokande, IceCube, etc... will be considered to improve our sensitivity to CP violation measurements.
